The construction, modeling, and performance characteristics of a new resonator design for ultrafast cavity-dumped oscillators are presented. An acousto-optic Bragg cell was incorporated at the end of the longer arm of a Ti:sapphire oscillator rather than in the shorter arm as in several recent studies. The new arrangement improves the pulse intensity stability of the oscillator and significantly reduces the effort required in construction. The experimental findings are supported by comparison of the stability regions of the laser cavities based on the two different designs. To demonstrate the potential of cavity-dumped oscillators for spatially resolved ultrafast spectroscopy studies, the pulse duration is characterized at the focal plane of two achromatic high-N.A. oil-immersion objectives with different amounts of flat-field correction. Transform-limited pulse widths as short as 15 fs are obtained. To our knowledge, this is the shortest pulse duration measured with true high-N.A. ͑N.A. Ͼ 1͒ focusing conditions.
Introduction
The invention of the Kerr-lens mode-locked Ti:sapphire laser 1 has revolutionized the performance and reliability of ultrashort light sources. Four-mirror Ti:sapphire oscillators routinely generate pulses 10 -15 fs in duration. 2, 3 Sub-10-fs pulse formation from a Ti:sapphire laser has also been demonstrated with dispersion compensated by prism pairs, 4 chirped dielectric mirrors, 5 or their combination. 6 Typically, these pulses contain a few nanojoules of energy and are generated at repetition rates between 70 and 90 MHz. Higher pulse energy can be obtained through amplification, although with compromises in cost, stability, repetition rate, and pulse width. [7] [8] [9] Cavity dumping the Ti:sapphire oscillator is an alternative that maintains the benefits of good stability and short pulse width and adds moderate pulse energy and controllable high repetition rate. 10 -15 Despite these advantages, cavity-dumped Ti:sapphire ͑CDTS͒ oscillators are still less popular than the four-mirror resonator, in part because of the more time-consuming setup and alignment involved.
The marriage of reliable ultrashort light sources to other enabling technology has greatly extended the scope of ultrafast spectroscopy. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] For example, spatially resolved ultrafast spectroscopy, which combines femtosecond lasers with high-resolution optical microscopy, is a valuable tool for studying the function and dynamics of individual quantum systems such as single molecules. Two significant problems for spatially localized and single-chromophore microscopy are local heating and photoinduced damage, both resulting from high energy densities in the small focal volume produced by a microscope objective. The local heat load is proportional to the average laser power, whereas photoinduced damage is related mainly to excessive single-shot pulse energy. CDTS oscillators, unlike amplifier systems or simple fourmirror oscillators, allow for easy and independent control of the average power and the single-shot pulse energy with little sacrifice in pulse width and intensity stability. Therefore a reliable CDTS oscillator that is relatively easy to construct and maintain yet preserves the benefits of standard four-mirror oscillators would further benefit these advances in ultrafast spectroscopy.
In this paper we present a new resonator design for the CDTS oscillator that exhibits significant improvement in stability and ease of construction over previous designs. The results of an ABCD matrix analysis of the resonator stability regions provide in-sight into the experimental findings. The use of this CDTS oscillator as an excitation source for ultrafast microscopy is demonstrated for true high-N.A. ͑N.A Ͼ 1͒ conditions ͑i.e., high-N.A. objectives with filled back apertures͒.
Experiment

A. Oscillator Design
The new and the traditional CDTS oscillator designs are displayed in Figs. 1͑a͒ and 1͑b͒, respectively. 26, 27 The essential difference in the designs lies in the positioning of the acousto-optic Bragg cell used for pulse ejection. Specifically, the Bragg cell and two focusing mirrors in the new design are relocated to the end of the longer arm that contains four prisms for dispersion compensation ͓see Fig. 1͑a͔͒ . The new location of the Bragg cell makes the oscillator highly asymmetric in the two arm lengths, which is important for achieving stable Kerr-lens mode locking. 28, 29 The resultant higher Q value of the cavity and͞or more efficient gain extraction from the lasing medium necessitates replacing the linear loss element ͑a 97.5% reflective end mirror͒ with a more transmissive optic ͑90 -92% reflectivity͒. To keep the overall cavity length approximately the same as the old design, a dog-leg fold arrangement was chosen for the cavity-dumping mechanism. 7, 30 Although additional prisms require more effort in initial construction, the mode-locking condition is easy to establish. Following power optimization in cw operation, we achieve mode locking by slightly increasing the distance of M1 and M2 and then applying a gentle perturbationlike tapping at the end mirror. Routine maintenance of the new oscillator is also greatly reduced.
B. Performance
Cavity dumping is performed by means of driving the acousto-optic Bragg cell with a synchronized rf source ͑Camac Model CD-5000͒. We achieve synchronization with the 77-MHz cavity repetition rate by sending the signal from a fast photodiode that samples the beam transmitted through the output coupler to the Bragg-cell driver; the oscillator serves as a clock source for generating a well-phased ͑ϳ400-MHz͒ rf pulse. With proper alignment, laser mode selection, and synchronization, the Bragg cell can deflect in excess of 60% of the intracavity energy with moderate rf power ͑ϳ6-W peak to peak͒. A larger dumping ratio can be achieved by further increasing the rf power with a rf power amplifier ͑Camac Model PB 1800͒. Maximal dumping efficiency of 90% can be obtained at the expense of stability or even disrupted pulsed operation. Typical pulse energies are in excess of 40 nJ from 10-to 300-kHz dumping frequency. The maximal pulse energy is reduced by 10% at 500-kHz dumping frequency. Pulse spectral bandwidths of 60-nm FWHM or more are obtained and are also insensitive to cavity-dumping frequency or diffraction efficiency. These pulses yield unchirped interferometric autocorrelations corresponding to pulse widths of 14.5 fs, assuming a hyperbolic secantsquared intensity profile.
The somewhat reduced pulse energy obtained with the new CDTS oscillator compared with our previous ͑i.e., traditional͒ design 12 is attributed to the different operating regimes ͑stability zone I versus zone II͒ for the two designs ͑see Section 3͒. Other factors that could contribute to the difference include different focus mirrors for the cavity dumping stages ͑radius of curvature at 15:15 versus 20:10 for old and new designs, respectively͒ and 2.5% versus 8% transmission linear loss elements, respectively. Although the old design was based on a stretched dumper-arm configuration 12 to increase dumping efficiency, comparable efficiency values are obtained here.
Results and Discussion
A. Resonator Stability
The stability diagrams for the new and the old cavity layouts calculated with the ABCD matrix method 31 are shown in Fig. 2 . The x and the y axes are the separation of the curved mirrors surrounding the 4-mm-path-length Ti:sapphire crystal ͑M1-M2͒ and the Bragg cell ͑M3-M4͒, respectively. The general shape and area of the stability zones ͑dark areas͒ are fairly insensitive to the angles of the curved mirrors, M1-M2-OC ͓output coupler; see Fig. 1͑a͔͒ and M2-M1-P1 ͓fused-silica prism; see Fig. 1͑b͔͒ , examined from 13°to 16°. The actual angle was chosen to minimize the astigmatism in the cavity that results from the presence of the Brewster angle cut Ti:sapphire crystal. 32 The portion of the stability regions traversed as the M1-M2 distance is varied are indicated by the gray dotted lines for a M3-M4 separation chosen to be near confocal. The working points that allow for optimal performance of the two designs are also indicated with the arrows shown in Fig. 2 . Note the almost orthogonal orientation of the stability region boundaries in Figs. 2͑a͒ and 2͑b͒. Historically, the two stability regions seen in Fig. 2͑b͒ are referred to as stability zones I and II and are separated by a gap that is due to the asymmetry of the two arm lengths where the oscillator is unstable.
The striking difference between the stability diagrams of the two designs indicates that the two oscillators operate in different regimes presumably resulting from different cavity asymmetry values or from the curved end mirror used in the new design. To elucidate the cause for the difference between the two stability diagrams and to gain further insight into the correlation between the two designs, a series of ABCD matrix calculations were carried out. The overall cavity length, as well as other parameters, were kept the same as those used in Fig. 2 , and only the ratio between the two arm lengths was varied. Figure 3 shows the evolution of the stability regions as the cavity arrangement changes from highly asymmetric ͑cavity length ratio,1:7, which is close to the new design͒ to near symmetric ͑1:1, similar to the traditional design͒. The calculation clearly indicates that the stability zone, where the operating point of the new design is located, evolved from the left lobe ͑stability zone I͒ of the stability diagram of Fig. 2͑b͒ . Another arrangement, identical to the new design except that the curved end mirror was replaced with a matched radius-of-curvature mirror and a flat end mirror in a z configuration, was also examined, and no significant change of the stability region due to the dog-leg fold was found. Consequently, the difference between the stability diagrams of Figs. 2͑a͒ and 2͑b͒ resulted primarily from the highly asymmetric cavity arrangement instead of the curved end mirror used in the new design.
In general, it is easier to achieve mode locking if the cavity is aligned to the inner borders at the two stability zones. 11, 29, 33 The traditional design was indeed found to operate preferentially in the inner border of the second stability zone. The same observation, also made by others, 11 was ascribed to the existence of preferential gain of the mode-locking mode over the cw mode 33 and͞or to the lower resonator sensitivity to external perturbations. 34, 35 The new CDTS laser design was found to operate at the upper border of the left stability region that correlates to stability zone I. It was shown that a hard aperture must be placed in the shorter arm to achieve mode locking if the fourmirror resonator is operated in the first stability zone. 29 Although it cannot be ruled out that light leakage around the edge of the prisms might work as a hard aperture, our study indicates that it is possible to initiate mode locking in the first stability zone without explicitly inserting a hard aperture in the cavity.
The empirical finding that the new CDTS oscillator design is much easier to align is also supported by the ABCD matrix analysis of the resonators. The wider stability zone of the new design along the M1-M2 separation ͓illustrated by the dotted line in Fig. 2͑a͔͒ facilitates ease of initial construction and optimization. Most importantly, when the M3-M4 separation in the new design is nearly confocal about the Bragg cell, the M1-M2 separation can be adjusted over a wide range. This adjustment dramatically relaxes the stability constraint along the coordinate most important for achieving optimum pulsed operation. By contrast, the narrowness of the two branches of the stability region in Fig. 2͑b͒ where the pulsing operation can be achieved suggests greater difficulty in locating and optimizing the alignment.
B. Intensity Stability
The improved stability of the new CDTS laser design is quantified by measurement of the pulse intensity distribution. The cavity-dumped pulses are monitored by a fast photodiode whose output is sent to a Fig. 2 . ͑a͒ Stability diagram of the new CDTS oscillator design shown in Fig. 1͑a͒ . The approximate point of pulsed operation is M1-M2 ϭ 10.4 cm, M3-M4 ϭ 20.7 cm. ͑b͒ Stability diagram of the conventional CDTS oscillator. The two stability regions seen for the M1-M2 distance corresponding to the pulsing configuration can be located ͑empirically͒ when the separation of M3 and M4 is chosen to be near confocal, i.e., at 14.6 cm in this case. Fig. 3 . Stability diagrams calculated for cavities of different arm-length ratios. All the parameters are the same as those used for the calculation shown in Fig. 2͑a͒ except that the ratios between the two arm lengths vary from 1:7 to 1:1 as designated in each panel.
photon counter ͑Stanford Research Systems Model SR400͒ with a built-in adjustable discriminator. The photon counter returns the number of pulses from the photodiode with intensity ͑per unit time͒ greater than the discriminator set point. We evaluated the pulse intensity histogram by observing the number of pulses as a function of the discriminator level and differentiating the results; the data for the cavity-dumped pulses are shown as circles in Fig.  4͑a͒ . The Gaussian fit to the pulse intensity distribution is displayed as a solid curve. The resulting FWHM of the intensity distribution is 0.23% for the cavity-dumped pulse train. We can evaluate the pulse intensity stability of the oscillator in the same manner by monitoring the output-coupled pulse train when the Bragg cell driver is turned off. The results, along with the fitted Gaussian curve, are shown in Fig. 4͑a͒ as triangles and a dotted curve, respectively. Although the cavity-dumper electronics may be introducing noise, the greater portion of the instability results from the perturbation introduced by dumping and subsequent relaxation oscillations.
For comparison the same measurements were also performed on another cavity-dumped oscillator, based on the conventional design, pumped by an identical diode-pumped solid-state source ͑Spectra-Physics, Millennia͒. The results displayed in Fig.  4͑b͒ show that the dumped pulse train is again approximately twice as noisy as the oscillator energy in the absence of dumping. A comparison of Figs. 4͑a͒ and 4͑b͒ shows that the new resonator is considerably more stable than the conventional one for both cavitydumped and output-coupled pulses. The pulse intensity fluctuations of CDTS oscillators have been estimated by others to be 1%; however, no details were reported as to how the values were obtained. 11 The approach presented here can serve as a general method to quantify the intensity stability of any pulsed laser system.
C. Application to Microscopy
To understand fully the light-matter interaction and to optimize the imaging capability of ultrashort laser pulses in a microscope, it is essential to characterize the electric field of the laser light at the position where the sample under study is located. The advantages of employing cavity-dumped pulses as opposed to attenuated oscillator-only pulse trains are that both the pulse energy and the average power can be readily adjusted, and for the same average power the cavity-dumped pulses will be orders of magnitude more intense. The pulse width is characterized by second-harmonic generation ͑SHG͒ interferometry at the focal plane of two high-N.A., near-flat-field, achromatic, oil-immersion microscope objectives ͑Zeiss, CP-Achromat 100ϫ͞1.25 Oil and Zeiss, F-Fluar 40ϫ͞ 1. 30 Oil͒ that have been widely used for biologic fluorescence imaging. The results demonstrate the potential of a CDTS oscillator for spatially resolved ultrafast spectroscopy.
The importance of characterizing the spatialtemporal properties of femtosecond pulses at the focal plane of microscope objectives ͑usually highly dispersive͒ was recently addressed. 36 -39 These studies include detailed characterization of a 22-fs pulse at the focus of a low-magnification objective by frequencyresolved optical gating but only at low N.A. 37 Although sub-10-fs pulses have been measured at the focus of an 0.85 N.A. objective, unchirped pulses can be obtained only by intentional underfilling of the back aperture of the objective, owing to radiusdependent pulse arrival time. 39 In the current case the pulse width is derived from a second-order interferometric autocorrelation measured at the focus of the objective by use of a 50-mthick KDP crystal. The SHG signal generated from the front edge of the KDP crystal and scattered backward was collected by the same objective and directed to a photomultiplier tube. An interference filter centered at 400 nm and a heat-reflection mirror were used to isolate the SHG signal from the scattered fundamental. A pair of Brewster-cut BK7 prisms were used to precompensate dispersion resulting from the materials of the optics located in the light path.
The interferogram measured with the objective, Carl Zeiss, CP-Achromat 100ϫ͞1.25 Oil, and the fit are shown in Fig 5. A pulse duration of 15 fs, assuming a quadratic hyperbolic secant intensity profile, is obtained. This is almost identical to the original pulse duration ͑14.5 fs͒ measured from the CDTS oscillator, thus indicating that most of the dispersion from the objective has been corrected by the Fig. 4 . Pulse intensity distribution represented as percentage of deviation for the average intensity. ͑a͒. New design. The repetition rate was 250 kHz for the cavity-dumped pulse train ͑circles͒ and 76.7 MHz for the output-coupled pulse train ͑triangles͒. Each data point is the average of three measurements. The data point density was doubled by cubic spline interpolation before fitting with a Gaussian curve. The FWHM of the distribution is 0.23% for the cavity-dumped pulses and 0.10% for the outputcoupled pulses. ͑b͒ Measured for the conventional design. The repetition rates are the same, and the symbols have the same meaning. The FWHM of the distribution is 0.38% for the cavitydumped pulses and 0.21% for the output-coupled pulses.
compensating prism pair. The absence of residual dispersion is further supported by the perfect 8:1 interferogram peak-to-wing ratio and by the absence of any structure in the wings. The spectrum of the cavity-dumped pulses is shown in the inset of Fig. 5 . The FWHM of the spectrum is 50 nm, giving a timebandwidth product of 0.38, which is close to the theoretical value of 0.315 for hyperbolic secant-squared pulses. Note that this 15-fs pulse is obtained under conditions in which the back aperture of the objective has been nearly filled to ensure the full N.A. for focusing, thereby achieving subwavelength resolution. The pulse width is, to the best of our knowledge, the shortest obtained so far at the focal plane under truly high (1.25) N.A. conditions. Although it has been pointed out that the radius-dependent propagation time of the laser light in the objective creates a groupvelocity-delay dispersionlike effect and thus broadens femtosecond pulses, 39 the current result shows that this effect does not play a significant role for pulse duration as short as 15 fs.
To substantiate that the full N.A. of the objective has been achieved, the focal spot size ͑point-spread function͒ is also characterized under the same conditions used to measure the pulse duration. A razor blade with its sharp edge immersed in the indexmatching oil is scanned laterally across the laser focal spot with a pizeoscanner, and the reflected light intensity is measured with respect to the lateral coordinate of the razor blade. The results, shown as circles in Fig. 6 , can be fitted by a function representing a convolution of a Gaussian with a step function. The best fit and the retrieved Gaussian function are shown as a solid curve and a dashed curve, respectively. The spot size, defined as the FWHM of the Gaussian function, is 730 nm, showing that a subwavelength spot size has been achieved for 15-fs duration pulses. The deviation of the fit in the tail and the larger spot size compared with that limited only by diffraction can be attributed to the residual spherical and chromatic aberration of the objective that has been designed for the 400 -700-nm wavelength range. 40 The pulse width was also characterized at the focus of an objective with a greater amount of flat-field correction and higher N.A. ͑Zeiss, F-Fluar 40ϫ͞1.30 Oil͒. Clean interferograms can be obtained only by reducing the bandwidth of the oscillator to 43 nm with a 20.5-fs duration sech 2 ͑t͒ pulse being the shortest clean pulse ͑i.e., without wings in the interferogram͒ achievable. The need to reduce the bandwidth is ascribed to increased higher-order radial dispersion introduced by this objective, which consists of more numbers of glass elements as compared with the simpler CP-Achromat objective used before. Shorter pulse widths would not be obtained with dispersion compensated by a grating compressor or even dispersion-controlled mirrors, since this effect occurs over the transverse beam profile.
In spatially resolved nonlinear spectroscopy studies, high-N.A. microscope objectives are commonly used to confine the laser field to achieve diffractionlimited spatial resolution. The peak intensity for the pulse duration and focusing conditions would be of the order of 10 15 W͞cm 2 if the highest pulse energy ͑40 nJ͒ were focused to the submicrometer focal spot. Under this tight focusing condition, the laser intensity can easily induce higher-order nonlinear processes 36 or even exceed the damage threshold of the system under investigation. Alternatively, this may be useful in multiphoton laser machining applications. 41 
Conclusions and Notes
In summary, a new resonator design for the CDTS laser has been presented. This new design is superior to the conventional one in terms of ease of initial setup and routine alignment as determined empirically and supported by ABCD matrix resonator calculations. The FWHM of the intensity distribution for the cavity-dumped pulses is measured to be 0.23%. The benefit from the significantly improved pulse intensity stability achieved with the new design compared with the traditional one is more important for nonlinear spectroscopy studies that require extensive signal accumulation time for averaging. Finally, we have examined the oscillator performance and suitability for nonlinear microscopy application by characterizing the pulse width at the focal plane of high-N.A., near-flat-field achromatic objectives. Near-transform-limited, 15-fs pulses were obtained at the focal plane of such a microscope objective, thus presenting new opportunities for spatially resolved ultrafast nonlinear spectroscopy studies of heterogeneous samples with 15-fs temporal resolution and subwavelength spatial resolution. This CDTS oscillator has recently been employed to demonstrate spatially localized spectroscopy on rough silver films 42 and to study the dynamics of single metallic colloids. 
